Nipah virus (NiV) is an emerging zoonotic paramyxovirus that causes severe and often fatal disease in pigs and humans. There are currently no vaccines or treatments approved for human use. Studies in small-animal models of NiV infection suggest that antibody therapy may be a promising treatment. However, most studies have assessed treatment at times shortly after virus exposure before animals show signs of disease. We assessed the efficacy of a fully human monoclonal antibody, m102.4, at several time points after virus exposure including at the onset of clinical illness in a uniformly lethal nonhuman primate model of NiV disease. Sixteen African green monkeys (AGMs) were challenged intratracheally with a lethal dose of NiV, and 12 animals were infused twice with m102.4 (15 mg/kg) beginning at either 1, 3, or 5 days after virus challenge and again about 2 days later. The presence of viral RNA, infectious virus, and/or NiV-specific immune responses demonstrated that all subjects were infected after challenge. All 12 AGMs that received m102.4 survived infection, whereas the untreated control subjects succumbed to disease between days 8 and 10 after infection. AGMs in the day 5 treatment group exhibited clinical signs of disease, but all animals recovered by day 16. These results represent the successful therapeutic in vivo efficacy by an investigational drug against NiV in a nonhuman primate and highlight the potential impact that a monoclonal antibody can have on a highly pathogenic zoonotic human disease.
INTRODUCTION
Hendra virus (HeV) and Nipah virus (NiV) are members of the genus Henipavirus (family Paramyxoviridae) that can cause severe respiratory illness and encephalitis in horses, pigs, and humans (1, 2) . HeV emerged in Australia in 1994 and has been associated with at least 40 outbreaks in horses and seven human infections with four fatalities. NiV was first identified during an outbreak of severe encephalitis in Malaysia and Singapore in 1998 to 1999 that involved 268 cases and 106 deaths, with pigs serving as the intermediate amplifying host (3) . Since 1998, there have been more than a dozen recognized occurrences of human NiV infection, primarily in Bangladesh and India (4, 5) , with the most recent outbreak in Bangladesh (6) . In most outbreaks since 1998 to 1999, the mortality rate among humans has been higher (>75%) along with evidence of multiple rounds of person-to-person transmission (7) .
Several species of fruit bats of the Pteropus genus, known as flying foxes, appear to be the principal natural reservoirs of both NiV and HeV (8) . NiV has been isolated from bat urine and partially eaten fruit, and direct transmission of NiV from flying foxes to humans from contaminated food sources has been suggested (9) . In contrast to all other paramyxoviruses, HeV and NiV have a broad species tropism and can infect and cause disease in a wide variety of species spanning six mammalian orders (10, 11) .
There are currently no vaccines or antivirals approved for combating human HeV or NiV infections. Although there has been substantial progress in the development and advancement of experimental vaccines (12, 13) , advances have been slower regarding treatments. An openlabel ribavirin trial was performed in 140 patients during the initial outbreak of NiV in Malaysia in 1998; however, the results of this study are difficult to draw conclusions from because it was not a controlled clinical study (14) . In addition, three of the seven recorded human HeV cases were treated with ribavirin, one of which survived (15) . More recently, the utility of ribavirin as a countermeasure for HeV infection was assessed in a controlled study using African green monkeys (AGMs) (16) . Although there was a small benefit in delaying death, there was no survival benefit in this model, suggesting that ribavirin is not an effective countermeasure against lethal henipavirus disease in primates.
Currently, the most promising post-exposure treatment for henipavirus infection appears to be an experimental human monoclonal antibody (mAb). The human mAb m102.4 targets the ephrin-B2 and ephrin-B3 receptor binding site of the HeV and NiV G glycoprotein. m102.4 is a potent cross-reactive neutralizing antibody in vitro (17) and has been shown to protect ferrets from lethal NiV challenge (18) and AGMs from lethal HeV challenge when administered as a post-exposure treatment (19) . Here, we assessed the utility of using m102.4 as a therapeutic intervention in the AGM model of NiV infection, because this model most accurately reflects the human condition (20) .
RESULTS
Human mAb m102.4 protection of AGMs after NiV challenge An initial pilot study was conducted to assess the utility of m102.4 against NiV in AGMs when administered shortly after virus challenge. Here, three animals were given m102.4 intravenously at 10 hours and again 3 days after infection. All treated animals remained clinically healthy, whereas the control animal rapidly succumbed to disease on day 8 after infection ( fig. S1 and tables S1 and S2). Subsequently, studies were geared toward extending the therapeutic window of m102.4 in NiV-infected animals. Specifically, m102.4 was administered to AGMs intravenously twice, with the first dose given 1 day after infection and the second dose 3 days after virus challenge (Fig. 1A, black arrows) . To determine whether the m102.4 therapeutic window could be further extended, we also included two additional treatment groups: one group received m102.4 beginning at 3 days after infection and again at 5 days after infection (Fig. 1A , green arrows), and the third treatment group received m102.4 at 5 days after infection and again at 7 days after virus challenge (Fig. 1A , blue arrows). No adverse reactions were observed after m102.4 infusion in any of the 12 treated animals. The four control subjects, consistent with historical controls, succumbed to NiV disease between day 8 and day 10 after infection ( Fig. 1B, red) and showed severe sustained behavior changes (depression and decreased activity), loss of appetite, dyspnea, thrombocytopenia, and changes in coagulation factors (Table 1 ). In addition, two of the four control animals had elevated temperatures (≥103.5°F), and three of the control animals had neurologic signs (muscle twitches and paresis). In contrast, subjects treated with m102.4 at day 1 after infection and again 2 days later (D1/D3) survived challenge (Fig. 1B, gray) and showed no clinical signs of disease with normal hematology, clinical chemistry, and coagulation assay results (Table 1 and tables S3 to S5). The four animals treated at day 3 after infection and again 2 days later (D3/D5) survived NiV challenge (Fig. 1B, green) and did not show any changes in behavior; three of these animals had very mild and variable clinical changes in hematology, clinical chemistry, or coagulation assays (Table 1 ). In the third treatment group, all four animals treated at day 5 after infection and again 2 days later (D5/D7) also survived NiV challenge (Fig. 1B,  blue) ; however, two of the four animals had overt clinical disease that included depression, respiratory signs, loss of appetite, muscle twitches, and/or elevated temperature (≥103.5°F) ( Table 1) . Additionally, all four animals treated at days 5 and 7 had changes in hematology, clinical chemistry, and/or coagulation assays (Table 1) . Clinical illness continued to be observed in these D5/D7 animals and resolved between days 7 and 17 depending on the animal, with all four animals completely recovering by day 17 ( Table 1) . Regardless of treatment group, the surviving animals all had detectable neutralizing antibody after treatment and through the end of the study unlike the control group (Table 2) .
NiV load in swabs and tissues To determine whether there was NiV replication in animals after challenge, we assessed shedding of virus using quantitative reverse transcription polymerase chain reaction (qRT-PCR) on nasal, oral, and rectal swabs (Fig. 2 , A to C, respectively), with viremia also screened by qRT-PCR on whole blood samples (Fig. 2D) . NiV genome equivalents (GEq) were observed in animals to varying degrees for nasal and oral swabs from the control (red), D3/D5 (green), and D5/D7 (blue) groups (Fig. 2, A and B) and also in blood samples from these three groups (Fig. 2D) . However, none of the animals in the D1/D3 (gray) treatment had any detectable NiV RNA in any swab or blood sample (Fig. 2, A to D) . NiV RNA was also detected systemically in the tissues of control animals R272 and O201216 (Fig. 2E, red) . NiV RNA was not detected in the other two control animals, although tissues from these animals were positive for NiV antigen by immunohistochemistry (see below). There was no detectable NiV RNA in tissues from any animal in the D1/D3 group, whereas there was one animal (Y809) from the D3/D5 group with detectable NiV RNA in respiratory tissue, the spleen, and neural tissue (Fig. 2E, green) . NiV RNA was detected in a tissue from each animal in the D5/D7 group, with O7383 positive in respiratory tissue and the remaining three animals having detectable RNA in spleen (Fig. 2E, blue) . Overall, detectable NiV RNA in tissues of animals correlated with detection of NiV RNA in oral swabs and blood (Fig. 2 , B and D). We also performed viral infectivity assays on whole blood and swab samples of all animals. Consistent with previous findings (20) , infectious virus proved difficult to detect in these samples, with plaques detected in only two samples [25 plaque-forming units (PFU)/ml detected from the oral swab of control animal R272 and 475 PFU/ml detected from the rectal swab of control animal R318].
Histopathological and immunohistochemical analysis of NiV-infected AGMs
Gross examination of all four control animals showed characteristic respiratory disease with enlarged lungs with multifocal areas of congestion and hemorrhage and an excess of serosanguinous fluid in the pleural cavity (Table 1) . Histopathologic examination of tissue sections showed various degrees of lesions in the four control animals consistent with historical controls (12, 20) . Noteworthy lesions included interstitial pneumonia with pulmonary endothelial syncytial cell formation, necrosis and hemorrhage of the splenic white pulp, necrosis and syncytial cell formation of the pancreas, and lymphocytic cystitis. The alveolar spaces contained edema fluid, polymerized fibrin, foamy alveolar macrophages, and cellular debris. Strong immunoreactivity for NiV antigen was present in the endothelium of the lungs, spleen, liver, kidney, testes, conjunctiva, nasal mucosa, and brain (frontal lobe of the cerebrum and brainstem) (Fig. 3 , Lung, Spleen, and Brainstem Control panels, and fig. S2 , testes control panel). In addition, moderate to strong immunoreactivity for NiV antigen was detected focally in clusters of transitional epithelium of the urinary bladder, mononuclear cells in the subcapsular and medullary sinuses of lymph nodes, medullary cells in the adrenal gland, islet cells of the pancreas, and neurons of the brainstem (Fig. 3 , Brainstem Thrombocytopenia (d7-d8); lymphopenia (d7); hypoalbuminemia (d8); >10-fold ↑ in AST (d8); 5-fold ↑ in BUN (d8); >3-fold ↑ in CRE (d8); >10-fold ↑ in CRP (d7-d8); >5-fold ↑ in APTT (d8); >2-fold ↑ in fibrinogen (d8); excess blood-tinged pleural fluid; severely inflated, enlarged lungs with multifocal areas of congestion and hemorrhage; dark liver.
V753
Female Control Depression (d8-d10); lethargy (d8-d10); loss of appetite (d8-d10); severe dyspnea (d9-d10); dehydration (d7-d10); muscle twitches (d10). Animal euthanized on d10.
Mild thrombocytopenia (d3); >3-fold ↑ in CRP (d3, d5, d7, d10); >2-fold ↑ in PT (d10); >2-fold ↑ in fibrinogen (d3, d5, d7); excess blood-tinged pleural fluid; moderately inflated, enlarged lungs with multifocal areas of congestion and hemorrhage particularly on the lower lobes.
R318
Female Control Fever (d7); depression (d8-d9); lethargy (d8-d9); loss of appetite (d8-d9); dyspnea (d9); dehydration (d7-d9); left hindlimb paresis (d9). Animal euthanized on d9. 
Control panel). No lesions or immunoreactivity for NiV antigen was detected in tissue sections of any of the m102.4-treated AGMs (Fig. 3 , D1/D3, D3/D5, and D5/D7 panels).
NiV F seroconversion of m102.4-treated AGMs
To assess the role of the host immune response in mediating protection from NiV disease, we measured circulating levels of antibodies directed against the NiV F (fusion) glycoprotein in sera of the NiV-infected AGMs (Fig. 4) . Anti-NiV F antibodies were present in sera of all D5/D7 m102.4-treated AGMs and in one AGM (O7823) from the D3/D5 group on day 15 after infection, and these antibody levels increased by days 30 to 34 in these animals. One animal (O7245) from the D1/D3 group had anti-NiV F antibodies at day 34, whereas there was no detectable NiV RNA in any sample taken for this animal. The four control AGMs did not seroconvert. This was not surprising given the severe disease observed in these control animals, which succumbed between 8 and 10 days after exposure. Additionally, the seroconversion of the m102.4-treated animals to NiV F and the subsequent increase in titer by the study endpoint further confirm that all treated AGMs became infected with NiV, including at least one of the animals in the D1/D3 group, where no overt clinical signs of illness were observed.
DISCUSSION
Here, we have addressed the possibility of providing an efficacious postexposure therapy to prevent NiV disease that is suitable for use in people after accidental or natural exposure and/or infection by NiV. Human henipavirus case fatality rates are about 57% for HeV and as high as 88% for NiV (4, 5) . Because there have been annual emergences/spillovers of both of these viruses for the past 7 or more years, and with an increasing number of research facilities working with infectious HeV and NiV, the development of effective countermeasures against these pathogens has become a critical need. An increasing body of scientific data supports the hypothesis that antibody is sufficient to protect against lethal HeV-and NiV-mediated disease after virus exposure. Early antibody efficacy trials were done using either polyclonal hamster serum or mouse mAb (21-23), both of which are likely unsuitable for use in humans. More recent studies demonstrated that the human antibody m102.4 was able to confer complete protection to ferrets when administered shortly after NiV (18) challenge or to AGMs when given after HeV challenge (19) . However, none of the previous studies have evaluated efficacy of m102.4 when administered at the time of circulating viremia as detected by qRT-PCR and during the onset of clinical signs of disease as we did in this study. In the AGM model that we used, all control animals succumbed between 8 and 10 days after NiV challenge, with infectious NiV detected in blood beginning at days 3 and 5 and initial clinical evidence of illness beginning at day 5. Although all animals in the treatment groups were protected against lethal NiV disease, the detection of NiV RNA in the neural tissue of one animal in the D3/D5 group requires further investigation considering the rare recrudescence in neural tissue of humans that have survived an initial henipavirus infection (24, 25) . Unfortunately, the logistics of maintaining nonhuman primates in a Biosafety Level 4 (BSL-4) facility for long periods needed to assess recrudescence (greater than 1 year) is impractical. The results reported here are an important demonstration of a protective outcome in a nonhuman primate model of NiV infection and pathogenesis using an antiviral therapeutic. The human mAb m102.4 used here has now demonstrated to be the only effective post-exposure therapy against NiV and, in a previous work, HeV (19) , and has done so in a nonhuman primate species, considered to be an essential model for the purposes of moving anti-henipavirus therapies forward for potential licensure. Although here protection was demonstrated against the original NiV strain Malaysia, the effectiveness of m102.4 against other NiV strains should be explored. Indeed, m102.4 is an effective neutralizing mAb against all known HeV and NiV isolates, but whether it will be an effective therapy in vivo against the highly pathogenic NiV-Bangladesh strain needs to be determined. Together, the data derived from the efficacy experiments to date indicate that the anti-henipavirus human mAb m102.4 is the only available effective antiviral that could be used to combat infection in people by NiV or HeV. Indeed, the Queensland Health Authorities announced in late 2013 that the first phase 1 clinical safety trial of m102.4 in human subjects will commence in 2014 (26) . To date, six individuals exposed to either HeV or NiV have been given high-dose m102.4 therapy, and all have remained well with no adverse events.
MATERIALS AND METHODS

Study design
An initial pilot study was performed at the Rocky Mountain Laboratories (RML) to assess the potential protective efficacy of m102.4 against NiV in AGMs when administered shortly after virus challenge. Here, four AGMs were randomized with Microsoft Excel into a group of three animals and a single control animal, with the treated animals receiving m102.4 at 10 hours and again at day 3 after exposure to NiV. The single control animal was not treated. On the basis of the results of this study at RML, a larger study was performed at the Galveston National Laboratory (GNL) to determine whether the treatment window could be extended after NiV exposure including at times when animals are viremic by RT-PCR during the initial signs of clinical illness. Here, 16 AGMs were randomized with Microsoft Excel into experimental groups of four animals each and a control group of four animals. Experimental groups were treated with m102.4 at either days 1 and 3, 3 and 5, or 5 and 7 after NiV challenge. The control group was treated with saline. A number of parameters were monitored during the course of the study at the GNL including survival, clinical observations, hematology, serum biochemistry, blood coagulation, viremia and viral load in swabs and tissues by qRT-PCR and plaque assay, serum antibodies, and tissue pathology. An abbreviated analysis was done for the pilot study at RML and included survival, hematology, serum biochemistry, and RT-PCR on blood, swabs, and tissues. The overall objective of the study as a whole was to assess survival rates with all other measurements being considered secondary objectives. This study was not blinded. Because there were small numbers of animals in each group, all values are shown in the Supplementary tables. The study endpoint for surviving AGMs varied between 28 days at RML and days 30 and 34 at GNL so that complete necropsies could be performed on all animals.
Animal challenge
NiV was obtained from the Centers for Disease Control and Prevention and originated from the 1998 to 1999 outbreak in Malaysia. The NiV was obtained as a passage 2 stock and was passed one additional time on Vero cells. For the RML pilot study, four adult AGMs weighing 4 to 7 kg were inoculated by intratracheal instillation with~5 × 10 5 PFU of NiV (Malaysia strain). Three animals were infused with m102.4 beginning~10 hours after challenge and again 3 days after challenge (10H/D3). The control animal was not treated. Each dose of m102.4 (~15 mg/kg) was administered intravenously. Animals were anesthetized for antibody infusion and for blood collection and collection of swabs of nasal, oral, and rectal mucosa on days 0, 3, 5, 7, 10, 14, 21, and 28 after infection (study endpoint). For studies at the GNL, 16 adult AGMs weighing 3 to 6 kg were inoculated by intratracheal instillation with~5 × 10 5 PFU of NiV. Four animals were infused with m102.4 beginning 1 day after challenge and again 3 days after challenge (D1/D3); four animals were infused with m102.4 beginning 3 days after challenge and again 5 days after challenge (D3/D5); four animals were infused with m102.4 beginning 5 days after challenge and again 7 days after challenge (D5/D7). The four control animals were infused with saline. Each dose of m102.4 (~15 mg/kg) was administered intravenously. Animals were anesthetized for antibody infusion and clinical examination including temperature, blood collection, and swabs of nasal, oral, and rectal mucosa on days 0, 3, 5, 7, 10, 15, 21, and 30 to 34 after infection (study endpoint).
Measurement of serum F glycoprotein-specific antibodies Antibodies to the F glycoprotein were measured in NiV-infected AGMs by including a recombinant soluble F (sF) glycoprotein-coupled microsphere in the assay by coupling of sF to microsphere #43 (Luminex Corp.) (19) . Plasma from NiV-infected AGMs was inactivated by g-irradiation (~5 mrads) before testing. Sera and plasma were assayed at 1:5000 and 1:10,000 dilutions. Assays were performed on a Luminex 200 IS machine equipped with Bio-Plex Manager Software (v 5.0) (Bio-Rad Laboratories). MFI and the SD of fluorescence intensity across 100 beads were determined for each sample.
Virus isolation
Virus titration was performed by plaque assay on Vero cells as previously described (20) . Briefly, increasing 10-fold dilutions of the samples were adsorbed to Vero monolayers in duplicate wells (0.2 ml per well); thus, the limit for detection was 25 PFU/ml. Hematology, serum biochemistry, and blood coagulation Total white blood cell counts, white blood cell differentials, red blood cell counts, platelet counts, hematocrit values, total hemoglobin concentrations, mean cell volumes, mean corpuscular volumes, and mean corpuscular hemoglobin concentrations were analyzed from blood collected in tubes containing EDTA using a laser-based hematologic analyzer (Hemavet at RML and Beckman Coulter at GNL). Serum samples were tested for concentrations of albumin, amylase, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, blood urea nitrogen, C-reactive protein, calcium, creatinine, g-glutamyltransferase, glucose, total protein, and uric acid by using a Piccolo point-of-care analyzer and Biochemistry Panel Plus analyzer discs at GNL (Abaxis). RML studies used the General Chemistry 13 analyzer discs (Abaxis), which included total bilirubin instead of C-reactive protein. Citrated plasma samples were analyzed for coagulation parameters (partial thromboplastin time, activated partial thromboplastin time, thrombin time, and fibrinogen) on the STart4 instrument using the PTT Automate, STA Neoplastine CI Plus, STA Thrombin, and Fibri-Prest Automate kits, respectively (Diagnostica Stago).
Histopathology and immunohistochemistry
Necropsy was performed on all subjects. Tissue samples of all major organs were collected for histopathologic and immunohistochemical examination, immersion-fixed in 10% neutral buffered formalin, and processed for histopathology as previously described (20) . For immunohistochemistry, specific anti-NiV immunoreactivity was detected using an anti-NiV N protein rabbit primary antibody at a 1:5000 dilution (12) . In brief, tissue sections were processed for immunohistochemistry using the Dako Autostainer. Secondary antibody used was biotinylated goat anti-rabbit IgG (Vector Laboratories) at 1:200 followed by Dako LSAB2 streptavidin-horseradish peroxidase. Slides were developed with Dako DAB chromagen and counterstained with hematoxylin. Nonimmune rabbit IgG was used as a negative control.
NiV TaqMan PCR EDTA blood and swab sample (100 ml) was added to 600 ml of AVL viral lysis buffer (Qiagen) for RNA extraction. For tissues, about 100 mg was stored in RNAlater (Qiagen). Tissues were then homogenized in 600 ml of RLT buffer using Qiagen tissue lyser and stainless steel beads. Blood samples in AVL viral lysis buffer and tissue samples in RLT buffer were removed from the BSL-4 laboratory using approved protocols. RNA was isolated from blood and swabs using the QIAamp Viral RNA kit (Qiagen) and from tissues using the RNeasy Mini kit (Qiagen). RNA was isolated from blood or tissues and analyzed using primers/probe targeting the N gene and intergenic region between N and P of NiV for qRT-PCR as previously described (27) . Threshold cycle (C T ) values representing NiV genomes were analyzed with CFX Manager Software, and data are shown as GEq. To create the GEq standard, RNA from NiV challenge stocks was extracted, and the number of NiV genomes was calculated using Avogadro's number and the molecular weight of the NiV genome.
NiV serum neutralization assays Neutralization titers against NiV were determined by a conventional serum neutralization assay. Briefly, sera were serially diluted twofold and incubated with~100 PFU of NiV for 1 hour at 37°C. Virus and antibodies were then added to individual wells of six-well plates of Vero cells. Plates were stained with neutral red 2 days after infection, and plaques were counted 24 hours after staining. The 50% neutralization titer was determined as the serum dilution at which there was a 50% reduction in plaque counts versus control wells.
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